The objective of our study was to assess alterations in speech as a possible localizing sign in frontal lobe epilepsy. Ictal speech was analyzed in 18 patients with frontal lobe epilepsy (FLE) during seizures and in the interictal period. Matched identical words were analyzed regarding alterations in fundamental frequency (ƒo) as an approximation of pitch. In patients with FLE, ƒo of ictal utterances was significantly higher than ƒo in interictal recordings (p = 0.016). Ictal ƒo increases occurred in both FLE of right and left seizure origin. In contrast, a matched temporal lobe epilepsy (TLE) group showed less pronounced increases in ƒo, and only in patients with right-sided seizure foci. This study for the first time shows significant voice alterations in ictal speech in a cohort of patients with FLE. This may contribute to the localization of the epileptic focus. Increases in ƒo were interestingly found in frontal lobe seizures with origin in either hemisphere, suggesting a bilateral involvement to the planning of speech production, in contrast to a more right-sided lateralization of pitch perception in prosodic processing.
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| INTRODUCTION
Verbal utterances during epileptic seizures are an important clinical sign that, however, have rarely been analyzed in detail. So far, few studies have assessed epilepsy-related voice alterations, and mostly limited to case reports 1 or focusing on patients with temporal lobe epilepsy (TLE). 2 The study of Peters et al., 2011, 2 was the first to report ictal dysprosody and found alterations in pitch in right temporal lobe patients. Because the frontal lobe is assumed to play a dominant role in speech and prosody control, it was hypothesized that pitch changes are present in patients with frontal lobe epilepsy (FLE). 2 Here, the fundamental frequency (ƒo) component and its alterations during seizures in patients with FLE and TLE based on ictal and interictal audio recordings were assessed. 
| METHODS

| ƒo analysis
Mean fundamental frequency (ƒo in Hertz) was extracted from the vowels of corresponding ictal and interictal words using the software Praat. 3 Note that the analysis of identical single words was used in order to achieve maximal comparability between ictal and interictal speech production. To ensure comparability, only words without background noise during vowel production and with sufficient loudness and vowel length were analyzed. All patients included in this study also with seizures originating from the language-dominant hemisphere had clearly perceivable speech production undisturbed by automatisms as an inclusion criterion. ƒo of multiple words in a given patient was averaged to yield one value for ictal and interictal ƒo for every participant. Fifty-nine words in the FLE group and 86 words in the TLE group were included (Table 1) .
| Statistical analysis
Statistical analyses were carried out in GNU R. 4 Mean ƒo of ictal and interictal speech was compared separately within FLE and TLE groups by means of paired t-tests. Mann-Whitney U tests (due to lack of normal distribution) were used to compare ƒo changes between FLE and TLE groups. Normal distribution and homogeneity of variance were assessed with Shapiro-Wilk and Bartlett tests, respectively. All tests were 2-sided.
| RESULTS
In FLE patients, the mean ƒo of words produced ictally was 226. interictally. This ictal increase of ƒo was less pronounced, yet significant (P = .045) with a 95% confidence interval from 0.51 Hz to 37.51 Hz (Figure 1 ). Despite the stronger ictal ƒo increase in FLE patients, this difference did not reach statistical significance in a group comparison of ƒo changes (ictal divided by interictal ƒo) with matched TLE patients (P = .462). In TLE patients, mean ictal ƒo increase was found in right-sided TLE (P = . Figure 1B displays the scatterplot of the ictal and interictal ƒo of every single word included in the presented study.
To control for possible effects of word content on ƒo, the emotional content and valence of words in were analyzed using the Berlin Affective Word List-Reloaded (words included are marked with an asterisk in Table 1 ). 5 The mean emotional valence of the words included in this study (À0.16 AE 1.60) was slightly more unpleasant than average (0.06 AE 1.25), and the mean arousal (3.05 AE 0.54) was a little above average (2.76 AE 0.68). Neither valence (P = .6697) nor arousal (P = .5043) showed significant differences between words analyzed in FLE and TLE patients.
| DISCUSSION
This quantitative study for the first time shows significant voice alterations, that is, increases of ictal fundamental frequency during frontal lobe seizures. In concordance with a recent study, 2 an increase of ƒo was also found in TLE, but was limited to seizures with right-sided origin. The presented data are in good agreement with those of studies demonstrating that ƒo in speech is causally controlled by bilateral frontotemporal neural networks, in line with sensory-motor feedback loops of speech production proposed by functional neuroimaging studies and neuromodeling. [6] [7] [8] The presented study confirms and extends previous findings of ƒo alterations in patients with TLE. 2 Notably, it shows ictal ƒo increase in a group of patients that were, other than in previous studies, 2 not preselected by perceptually evaluated pitch alterations. Furthermore, the presented analysis of identical single words from connected speech
T A B L E Words included in the assessment of the emotional content. In all patients in whom a seizure origin in proximity to language areas was assumed, hemispheric dominance was determined using functional magnetic resonance imaging (fMRI) or Wada test. In the other patients, the Edinburgh Handedness score was used as a surrogate measure and is displayed as "right-handed" or "left-handed."
provided the advantage of great comparability between ictal and interictal conditions. However, the rest of words spoken in connected speech were not analyzed, which might have limited the results with regard to habitual prosodic aspects. Overall, perturbed temporal lobe functions during epileptic seizures may disrupt auditory vocal control, hence, leading to ƒo alterations in speech production.
The novel finding of our study is the display of ictal ƒo alterations during frontal lobe seizures. ƒo alterations were even nominally (although not significantly) more pronounced than during temporal lobe seizures. Whereas, as stated by Peters et al., 2 ictal increases in ƒo may be helpful for lateralization of TLE, this study shows that it is also common and possibly even more expressed in patients with FLE. Alterations of ictal pitch and ƒo in patients with FLE may be related to frontal lobe involvement in laryngeal motor control and speech motor planning. 6 Of interest, the presented data showed that ictal ƒo increases occur in patients with right and left hemispheric foci, particularly also with left-sided frontal origin. Seizure spread to the contralateral hemisphere may contribute to this, whereas in TLE with lesser tendency for contralateral propagation, only the right-hemispheric group showed ƒo increases, in concordance with the concept of right-hemispheric predominance of prosody processing, 9, 10 Notably, despite a well-established preference of right (compared to left) temporal auditory areas for pitch perception, lateralization of prosody processing including ƒo control at the level of the frontal lobe is less consistent. 9 Recent work emphasizes bilateral frontotemporal speech motor control 8 and sensory-motor loops involved in ƒo production, 6 in line with the present findings. Remarkably, the frontal lobe group also did not show a hemispheric predominance as to ictal production of clearly understandable speech in our patient sample. On a broader scale, our results confirm prevailing models of vocal ƒo control by, for example, Houde et al. and Simonyan et al. that both temporal and frontal lobe and their interactions are relevant for producing and processing ƒo in prosody. 6, 7 Functional disturbances, as during epileptic activity, in either TLE or FLE can impair vocal prosody by inducing imbalances in the dynamic interplay between auditory feedback and speech motor planning, leading to an impaired adjustment of the voice and interfering with the production of pitch through motoric centers. 7 
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